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By Bertram C. Wo-r 

Available  information on the  effect8 of wing4uselage"tail and 
wing-mcelle  interference on the  distribution of' t he   a i r  load among 
cmponents of airplanes is analyzed. The effects of wing and nacelle 
incidence,  horizontal and vertical  position of w i n g  and nacelle, 
fuselage shape, wing eection and filleting are considered, 

Where sufficient data were unavailable t o  determine the   dhkibu-  - 

t ion of the a l r  Load, the change in  lift caused by interference between, 
wing and fuselage was found. This Increment is affected t o  the-meatest  
exbent by vertical  wing position. 

A t  the design  points on the V-n d-am where the magnitude of the 
over-all load is given br specification, it is commOnly assumed that the 
wing either  carries all the load or  the  fuselage  carries the portion that 
would nomnally be carried by the intercepted w i r g  area. These 888up- 
t ions  result  i n  conservative designs for the w i n g  if the 108da carried by 
the fuselage and tail act in  the 6ame direction BB that on the w i n g  and. 
in an unconaervative  design if they ac t  in an opposite  direction. 

Along e x p e r b n t a l   l i n e s  there are very l i t t l e  data i n  the  litera- 
ture that can be used t o  determine the division of loads among the 
amlane compnents. So far 88 is hm, the on ly  t e s t s  in which 
directly ufleable data on the  division of load are given  are  the flight 
teats  described  in  references 1 and 2. Some indirect   tests have been 
made, however,  whlch apply t o  the general problem of the  division of 
load. These are the   tes ts  performed in connection w i t h  the wing"fuse1age 
interference program previously  reported. in references 3 and 4. 
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Along theoretical lines there are  several methods that may be wed 
t o  find the disb?ibution of the air load. among alr'plane components. 
References 'j t o  7 are typical of these mathematical methods which are  
limited i n  w e  to   special   s inpl i f ied cases. 

The p p o e e  of the present-paper is t o  summarize the available data 
on the effects of xing"fueelage-tai1 and whg-nacelle interference on 
the distribution of the air load among a i rc raf t  components. The effects 
of w i n g  and nacelle Incidence, horizontal and ver t ical  position of w i n g  
and nacelle, fuselage shape, -King section and filleting, are considered. 
Some discussion is also given of the effects of centel.-of'avity position. 

I n  the analysis of the data, the following symbols have been adopted: 

lift coefffcient  (Lift/qS) 

dynamic pressure, pounds per. square foot 

gross w i n g  s e a ,  square feet 

Mach nmker 

angle of attack of w i n g  chord line at model center Line, 
demees 

longitudinal diaplacement of' airfoil quartemhord axis 
from fuselage quartercchord polnt i n  terms of wing 
mean chord 

longitudinal dieplacement of nacelle quarte-hord point 
from w i n g  quarte-hord axis in  term8 of w i n g  mean 
chord 

ver t ical  displacement of airfoil quarte-hord axis from 
fuselage axis i n  t e r n  of w i n g  mean chord-. 

ver t ical  displacement of nacelle axis from a i r f o i l  
qmtelr-chord axis in terms of wing mean chord 

wing angle of incidence w i t h  respect t o  fwelage axis, 
degrees 

angle of incidence of nacelle axie with'respect to wing 
chord line a t  nacelle.  position, degrees 
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Subscripts : 

A airplane 

W w i n g  

F f welage 

w wing-fuselage cambination 

T t a i l  

N nacelle 

m wing-mcelle  cornination 

a indicates that component w88 tested  alone and not in  the 
presence of other comgonents 

In order that results may be campared on an equal b a s h  all 
coefficients, regardless of the model configuration, e r e  based on the 
gr0s.s wing  =pa, that is, w i t h  the wing projected through the body. 

The division of load between such major items as the wing,  fuselage, 
and t a i l  can be determined by  measurements of the load on each item by 
means of strain gages or pressure distributiom wtth all the bodies i n  
cambination. In  this  paper these a r e  termed direct  measurements. Since 
direct data are l imited  to  a very f e w  sources  additional  information has 
been obtained from other measuremente in which the  forces on the  indi- 
vidual components and on the combination were  measured. Since i n  such 
tests  the  force on each component is not measured in the presence of the 
other componenta, the ezact  division of load cannot be found directly. 
In th i s  paper  such measuyements are referred t o  88 fndbect  measurements. 

Direct Data 

Figures 1 and 2 present  the  available  data which are  directly 
applicable t o  show the divialon of the air load. The data shown in these 
figures  are  derived f r a m  flight mearrurelnente of w i n g  and t a i l  loads by 
means of s t ra in  gages located  near the wing-fuselage and fuselage-tail 
junctures. The over -d l  loads on the  airplane were determined fron 
accelerometer measurements and f r o m  a howledge of the airplane weight. 
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Figure 1 shows CLd- due t o  w i n g , .  t a i l ,  and fuselage of the 

X-1 airplane  (previouely  designated 1161) plotted against C d s .  
LA 

The c m e s  were taken  directly from reference 1. The data shown in 
the figure cover a Mach number range from 0.27 t o  0.80. Figure 2 
shows CL due t o  wing ,  fuselage, and tail for the  test  airplane of 
reference 2 glotted  against the airplane lift coefficient. The curves 
of figure 2 are based on h t a  obtained during the  teste  reported  in 
reference 2; these data cover Mach  numbers f r o m  0.32 t o  0.74. 

The factor d-- in figure 1 in both the  ordinate and abscissa 
appears i n  the -original figure in reference 1. This factor u a ~ l  not 
used in the  preparation of figure 2. 

Table I presents a comparison of the slopes of the experimental 
curves of figures 1 and 2 with theoretical values. In computing the 
theoretical  slopes  the assumption th t . fu se l age  lift in a wing-fuselage 
combination is proportional t o  the w i n g  area blanketed by the body (or 
more properly in the present  caees, w i n g  area between  strai-e 
stations) is used. The experimental data of the figures were reduced t o  
the  status of a wing"fme1age configuration by adding the t a i l  lift t o  
that of the wing.  The theoretical slopes were  detemnined by wing both 
s t r i p  and liftfng-line  theory. 

Lndirect Data 

Figures 3 t o  10 present  data which, although  not  directly  appli- 
cable t o  the problim of the  division of air load, may be used t o  
obtain trends. The data in these  figures were obtained from material 
available in references 3 and 4. In these reporte the  forces on the 
w i n g  and fuselage were.. first measured independently and then the t o t a l  
force on the combination WBB found. The t e s t s  were made at low speed 
and a t  a Reynolds nmiber of 3,lOO,OOO. 

In  analyzing them data several methods of presentation were 
considered. As it is impossible to determine the  dhtribution of the 
load fYom data of th i s  type, the change in lift caused by interference 
between w i n g  and fuselage is found. It is aesumed that t h l s  incremental 
lift coefficient  acts on the wing in line w i t h  the cQmmon design 
assumption that  the w i n g  carries all the load. 

References 3 and 4 are copcerned .wi th  the "lift and interference" 
of the fuselage LC+, which is the  difference between the lift 
coefficient of the wing-fuselage combination and that of the w i n g  alone 
a t  a given angle of attack. . .  " . . 
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Hence, 

By definition 
I 

where ~ 3 2 ~  is the increment in lift due t o  the interaction between the 
two components. 

Consequently LCL is 

and the asaumpbion is made that 

I 

The ver t ical  and horizontal wing positions with respect to the 
fuselage comidered are sham in figure 3. 

The variation of the incremental lift coefficient % Kithmodel 
lift coefficient at several Xing angles of incidence mer a wide range 
of ver t ical  and horizontal w i n g  poeitiona is a h m  in figure 4 f o r  a 
model consisting of a rectangular d a g  with an EACA 0012 a i r f o i l  and a 
round fuselage.  Figure 5 8haWB the  variation of Ai& w i t h  

several w i n g  angles of incidence and w i n g  positions above and below the 
fuselage for a model made up of a round fuselage and a tapered w i n g  
w i t h  MACA 001- sections. The effect  of varying the vertical  position 
of the wing f o r  this model w i t h  and without  tapered f i l l e t a  is shown i n  
figure 6 .  V a r y i n g  angle of incidence at several  vertical wing positions 
f o r  a round fuselage in  combination w i t h  a rectangular w i n g  w i t h  
IUCA &I2 section is conaidered In figure 7. Corresponding t e s t s  on 
models with rectangular  fuelages and wings with NACA 0012, 0018-09, 
and 4412 sectiom are  given in  figures 8, 9, and 10, respectively. 

crwpl at 
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The datum o r  reference  condition  for  figures 4 t o  10 is the combi- 
nation in each  case with  the wing om-quarter  root chord point  cofncident 
w i t h  the fuselage onsquarter chord point (x = 0, z = 0) and with  the 
wing a t  zero m e  of incidence ( iw = 0). Unfortunately in order t o  we 
the result6 presented in these figures itis necessary t o  have a break- 
dam of the air load such as is given in figures 1 and 2 for the datum 
condition. The increment In  lift measured from the  reference  condition 

. of the given  curves  is"then added t o  the corresponding value e h m  on the 
breakdown curve. 

Figure ll shows the  various  positions of the  nacelle w i t h  reepect 
to   the wing considered in figures 12 to 14. These figures present  indirect 
data that apply t o  the effects of wing-nacelle interference on the component 
loads. The data used were first presented in reference 8. The incremntal 
lift coefficient BB defined  here is 

Insufficient data were available t o  isolate the lif't due t o  wing-nacelle 
interference.  Figures U t o  14 consider the effects upon the  incremental 
nacelle l i f t  of varying the longitudinal and vertical  position of the 
nacelle on the wing  and the  nacelle angle of incidence w i t h  respect t o  
the wing independently of each other. The model coneisted of a modified 
NACA fuselage form UI with a finenese ra t io  of 6.0 in combination with a 
modified W A  6-0 a i r f o l l .  

Lif't on Components 

The campariaons shown in  table  I indicate that the aaaumption that 
fuselage lift i e  proportional t o  the  area of w i n g  blanketed by the- body 
is valid over the Mach number range covered by the fU.ghts for the two 
airplanes for which data ere  available. The discrepancie~ between fliat 
and theoretical  reeults may be  due i n  part t o  the distribution of the 
t a i l  lift between the other two components; the assumption that t a i l  
lift I 8  entirely  carried by the wing outboard of the s t r a m a g e   s t a t i o n s  
not being wholly correct. 

The analysis of the  data of figures 1 and 2 indicate   l f t t le  
apparent variation of the division of the   a l r  load among the components 
of the airplane w i t h  Mach  number w i t h i n  the range of the  available  flight 
tes ts .  
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The measurements of wing and tail lift coefficients f o r  the 
X-1 a b p h e  are accurate  within fg.025. ~ k e  accmac;y of the maaure- 
ments of wing and t a i l   l i f t  coefficients of the t e s t  atmlane of 
reference 2 was estimated t o  be within fo.02 and. fg.005, respective 
The factor CL was estimated t o  have a maximum emor of about *.%-at 

A 
the  highest l f f t  Coefficients. 

The effect of changing airplane center-ofjpavity  position on the 
distribution of the afr load rn found t o  be negligible for the  tes t  
airplanes of figures 1 and 2, In the  cam8 of larger a11S@.anes, it is 
conceivable that movement  of the &-lane center of gravity may affect 
the compnent loads more noticeably. In general, a forward cente-f- 
gravity movement will tend t o  decrease the t a l l  lift, negative t a i l  
loads becaming mare negative,  while  the w i n g  lift will. ezperience a 
corresponding increaee. 

Wing4kmlage Interference 

The resul ts  of the tes ta  eummarized in figure .4 shaw the  incremental 
lift coefficient (assumed t o  act on the wing) t o  vary regularly with 
model lift coefficient tuld Xing incidence ercept at vertical w i n g  
positions near the  tangential where the  variation becomes quite irregular. 

A t  w i n g  positione f r o m  z = 0 t o  z = 0.26 there is Been to be very 
l i t t l e   va r i a t ion  of % x i t h  the lift coefficient of the  cabination. 

Increasing wing incidence t e a  t o  decreaee the incremental liFt 
coefficient, w h i l e  the variation of % w i t h  the wing vertical  position 

ia negligible.  

As the wing approaches the tangential posi t ion between z = 0.26 
and z = 0.40 marked changes occur in the incremental lift coefficient 
Its variation  with the model Uft becames irregular, and the coefficient 
i t se l f  may a t ta in  u.m.auaUy high value.  

A t  wing positions abwe the fuselage fram z = 0.40 t o  z = 1.00 the 
variation of SI, xi th  C% and xith 45 become8 regular again. There 
is l i t t le   di f ference in  the value of the incremental lift coefficient at 
corresponding  positione above and below the Azselage center line. It may 
be seen from the  figure that inmeashg wing incidence w i l l  increase the 
incremental lift coefficient at these wing positions. 

Figure 4 s m  a slight increase in the value of a t   t he  higher 
-model lift coefficients as the wing i e  moved 1ongitudhmU.y toward the  
rear of the fuselage. At the most rearward position  tested, a e m a l l  
decreaae i n  the value of the  coefficient rn noted. A t  w i n g  pOSiti0nS 
above the fuselage, LC$ f a  Been to decreaae as the w i n g  mveg rearward. 
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A correspondhg  increase in  the incremental Ut coefficient wa8 noticed 
a8 the w i n g  moved rearwaxd below the fwelage. 

'The substitution of a tapered wing w i t b W A  001- sections  into 
the combination of figure 4 cawed a decrease b the incremental lift 
coefficient w i t h  the w i n g  above the  fuselage and an Increase w i t h  the 
w i n g  below the  fuselage. (See fig.  5.) A t  w i n g  positions on the 
fuselage, a decrease in  % was noted with  the xfng at and below the 
center line, an increase occurring w i t h  the wing above the  center line. 
Relsulter at  the  tangential  position &@in showed large changes taking 
place. (See fig. 60) 

The addition of f i l l e t s  t o  this model ( f i g .  6) caused noticeable 
increams in % with  the wing at and above the fuelage center line; 
decreaaes in % were obsemed a t  wing positions below the Fuselage 
center 1Fne. 

A rectangular wing  with W X  4412 section  cawed a  decraaae in  ~ 3 2 ~  

f r o m  the values obsemed in  figure 4 with the wing at  the  fuselage  center 
line. (See f ig .  7.) A t  w i n g  positions off the fmelage, an increase was 
noted. 

The addition of a rectangular fu6e-e t o  the combination of 
figure 4 results in  a decrease in  the incremental l i f t . coef f ic ien t  at 
w h g  positions on the- fuselage and above the center line and an increase 
when the wing  is below 'the fbela@;e center line. (See fig. 8.) An 
increase in LC% W ~ E  noted a t  both tangential  positions, d a t  w i n g  
positions off the fuselage an increase resulted above and a decrease below. 

The addition of f i l l e t s  t o  the model of figure 8 caused a decreaae 
i n  LC% with the wing at  the fuaelage  center line and an increme at  a 
wing position o n  the fuselage and below the  center line. The change in  
the incremental lift coefficient at the w i n g  position on the  fuselage and 
above the  center lfne waa insignificant. 

Substituting wing8 wlth W A  001809 and W A  4412 sectione i n t o  the 
combination of figure 8 (figs. 9 and 10) caused trends simllar t o  those 
previously observed i n  figures 5, 6, and 7. 

The results presented in  f m e s  4 t o  10 indicate that the 
incremental lift coefficient is affected  to.a  =eater  extent by position 
changes of the wing w f t h  respect  to the fuselage than by modification6 b 

t o  the model. The vertical  position at which the w i n g  w a ~  tangent t o  
the fuselage caused the  greatest change in  the incremental lift coefficient. 
Lesser  variations were caused by w i n g  incidence. The incremental lift .I 

coefficient is affected t o  the next greatest  extent by the presence of 
fillets. IncreaEled  wing camber (ISACA 4412 a i r fo i l )  w i l l  result  i n  a b a s e r  
c u e  in MI, while varying fueehge shape and the  introduction of w i n g  
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taper and increased  root t h i c h s s  ( W A  001- airfoil) account for  
still amaller  variatione. The effects of varying the  horizontal 
position of the w i n g  on the fuselage are negligible. 

The accuracy of the data of figures 4 t o  10 is the 881118 as that Of 
the wual airfoil tes ts .  (See reference 9.) I n  general,  the  error in  
the measured lift coefficient is not greater -than fo.02. 

Wing4aceU.e Interference 

Figure I 2  sham that at 0' angle of attack the nac3eI-l-e in  the 
midposition (Z = 0) ~s a Blight  positive lift, b e r i n g   t h e  nacelle 
reduces the lift increment. The nacelle in the high position (Z = 0.18) 
contributes same lift, which, unlike that measured f o r  the other 
positiona,  increases  with Mach  number, At the higher angles of attack 
the lift increments beccrme more positive w i t h  increadng Mach number. 

The results of the t e s t s  of the  horizontal  variation of nacelle 
position (fig. 13) show that moving the nacelle forward on the wing 
increases the less in lift due to the  nacelle. The lift increments 
decreaae w i t h  increasing Mach nrmiber for the more farward posttiom of 
the nacelle at an angle of attack of Oo, and fo r  r e m  nacelle  positions 
as the angle of attack  increaeea. 

The results f r o m  the angular variation  tests, shown i n  figure 14, 
indicate  the lift t o  be greatest f o r  the nacelle having a positive angle 
of incidence. The lift increnrsnts become mre positive xfth increaeing 
Mach  number at the hL@er angle of attack. 

Figures 12 t o  14 indicate trends ehu3J-m t o  those weviously 
noted for  w i n g a e l a g e  canibinationa. The variations in aC,, due t o  
increasing Mach nmiber are so m a l l  as t o  be negligible within  the range 
of the  tests.  The effect of the angle of attack upon the  incremental 
l i f t  coefficient appears t o  be insignificant for the attftudes  teeted. 

Although the results presented in figures 3 t o  14 seem t o  contra- 
dict  the  consistency of these data of f-es 1 and 2 and table I, these 
may be due t o  the breakup of the interference lift between  components 
No definite Conclusions can be drawn frm this data unless t e s t s  of the 
datum configuration in  which loads are memured on the wfnga in  the 
presence of the fuselage were available. 
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An analysis of t h e  available  data on the  effects of wmg-fbelage- 
t a i l  and wing-nacelle  interference on the  distribution of the air load 
among camponents  of ai?qbnes ha8 led t o  the following  concluaiom: 

1. There is l i t t l e  apparent variation of the  division of the air 
load between the components of the  airplane  with Mach  number within  the 
range of the available  flight tests. As a result,  the  present aesumption 
that fuselage l i f t  may be considered BB the lift acting on the  portion of 
w i n g  area  blanbeted by the body is valid over the  subsonic Mach  number 
range in the casea of the two airplanes. 

2. The incremental l i f t  coefficient due t o  the interference  varies 
regularly with model lift coefficient and wing  incidence except at 
vertical  . w i n g  positions new- the  tangential. Bere large changes in  the 
incremental lift coefficient become evident. 

3. Other variables such as  horizontal w i n g  movement, angle of 
incidence, f i l let ing,  fuselage shape, and a i r f o i l  section  influence the 
incremental l i f t  coefficient t o  lesser degreeE. 

4. Nacelle  incidence and position  affect the hcremental lift 
coefficient  ae  in wing-fuselage combinations. The effect of Mach number 
upon the  coefficient is negligible  within *.he range of the tests .  

5. Although indirect  data have been analyzed to  obtain trends, they 
are  not applicable t o  determine the diviBion of the air load among the 
cnmr>onente of airplanm.. Fwther direct  erperimental data are necessary 
before indirect data mag be used t o  determine the division of load. 

Langley Aeronautical  Laboratory 
National Advisorly Committee f o r  Aeronautics 

Langley Air Force Base, Va. 
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